Orbital angular momentum (OAM) of light is a promising means for exploiting the spatial dimension of light to increase the capacity of optical fiber links. We summarize how OAM enables efficient mode multiplexing for optical communications, with emphasis on the design of OAM fibers.
1. Introduction
The orbital angular momentum of light
Light is an electromagnetic radiation that can carry momentum, just like matter does. There is angular momentum associated with spin, as well as angular momentum associated with the spatial distribution of light. The latter is known as orbital angular momentum (OAM). The high dimensionality of orbital angular momentum gives rise to an interest in the telecommunications industry to exploit this property of light for multiplexing of data signals.
The linear momentum of light is known as radiation pressure [1] , and has a value of k 0 per photon, where k 0 = 2π/λ is the wavenumber, and is the reduced Plank constant. The angular momentum of light can be related to the spin of the photons, with a value of . It is then known as spin angular momentum (SAM), and it is associated with the circular polarization of the light [2] . The OAM has a value of , where is an integer known as the topological charge. While SAM is characterized by the rotation of the polarization vectors, OAM is characterized by the rotation of the phase front of the light beam. In other words, it is the beam of light itself that rotates around its propagation axis. The phase of an OAM beam has the form exp(j φ), where j is the imaginary unit, is the topological charge, and φ is the azimuthal coordinate. This rotation implies than the light beam with OAM carries no energy (but still has a momentum) in its center, since the phase at this point is undefined. For this reason, OAM beams are often called vortex beams. Under the paraxial approximation, SAM and OAM can be considered as uncoupled; i.e., the polarization and the orbital angular momentum of a light beam are independent of each other [3] .
OAM in optical communications
Space division multiplexing (SDM) increases the capacity of optical fiber links [4, 5, 6] . The spatial dimension can be exploited to multiply capacity, while keeping the already used time, wavelength, quadrature, and polarization dimensions. SDM can be implemented using multicore fibers, or multimode (few mode) fibers. In multicore fibers, each fiber core carries a different channel, and those separate channels can themselves be multiplexed in wavelength, polarization, and quadrature. Supermodes are formed from coupled multicore fiber. In multimode fibers, the channels are carried by different modes. It is even possible to design fibers with multiple cores carrying multiple modes. With multimode fibers, SDM can be performed using LP (scalar) modes or OAM modes. Figure 1 summarizes the different ways to implement SDM. Like LP modes, OAM has the potential to be exploited in hybrid multimode, multicore fibers. In this paper we focus on exploitation of OAM modes.
There are many ways of multiplexing modes in optical fibers. LP modes are a good approximation of the modes of weakly guiding fibers, and are relatively easy to generate. Some LP few-mode fibers were designed with high intermodal coupling, to reduce the required length of the digital equalizers, but require heavy multi-input, multi-output (MIMO) processing to be recovered after transmission [7, 8] . Non-degenerate LP modes (LP 0,1 and LP 0,2 ) were shown to be recoverable with standard complexity MIMO when using a specialized multiplexer to avoid modal crosstalk; degenerate modes, however, still required higher MIMO complexity [9] .
Supermodes are arbitrary sets of modes that are orthogonal to each other. Short fibers supporting supermodes can be exploited in photonic lanterns [10] as multiplexers and demultiplexers (rather than fibers for propagation) with a quasi perfect efficiency. When supermodes are used for transmission, as with LP modes, they require heavy MIMO processing for data recovery. OAM is another modal basis that can be used for SDM [11, 12, 13] . OAM modes have distinct propagation constants; therefore, they couple less than LP modes do, lessening the need for MIMO processing. Furthermore, the circular symmetry of OAM modes make their coupling to fibers more efficient, compared to LP modes which have a square symmetry [14] . However, OAM modes require special fibers to allow transmission over long distances.
OAM modes exist both as free-space (laser) modes, and as guided fiber modes. In free-space, they often are modeled as Laguerre-Gaussian (LG) modes, since they have circular symmetry with a vortex in the center. LG p, modes are characterized by two parameters: p is a non-negative integer giving the number of concentric rings minus one (p = m − 1), and is an integer related to the thickness of the rings. In the case of an OAM beam, is also the topological charge, giving the number of phase fronts.
The interest of using OAM (and SDM in general) in telecommunications is to increase the capacity of the communication links. However, the system cost needs to be lower than the cost of an equivalent system made of parallel single-mode links; otherwise there is no gain. To achieve that goal, the whole transmission system, including transmitters, amplifiers, switches, and receivers, must support the SDM scheme. Many OAM system components are under investigation to develop a complete OAM communication system [15, 13] .
OAM modes in optical fibers
OAM modes exist in optical fibers, as they are formed from the fiber's underlying vector mode basis [16] . In cylindrical fibers, the electro-magnetic fields can be separated in radial-dependent and azimuthal-dependent parts:
where f ν (φ) = cos(νφ) even modes sin(νφ) odd modes (2a)
The difference between even and odd modes is a π/2 rotation of the fields around the propagation axis. The fields can be represented in complex coordinates, to include information about the phase. For instance, j E(r, φ, z, t) is equivalent to E(r, φ, z, t) with a π/2 phase shift. If we sum an even vector mode with an odd vector mode, with a π/2 phase shift between the two, the trigonometric f ν (φ) and g ν (φ) functions become complex exponentials (Euler formula) and the fields are now
where σ = ±1 for right-or left-circular polarization (or 0 for linear polarization), is the topological charge, and ν = + σ is the total angular momentum (spin plus orbital). The exp(j φ) term shows the resulting mode is an OAM mode, and exp(jσφ) shows that it has a circular polarization. This result carries many implications. First, it shows that OAM modes can exist in optical fibers as they are composed of vector eigenmodes with the following relation:
Second, it implies that OAM modes in optical fibers have a circular polarization; the polarization state of the OAM mode is denoted by the superscript in (4). Therefore, SAM and OAM are not independent in optical fibers, as is the case in free-space. The circular polarization direction will be aligned or antialigned with the orbital angular momentum, see Fig. 2 , depending on whether the constituting eigenmodes are HE or EH [17] . Third, since OAM modes are made of a combination of vector modes having the same propagation constant, β, OAM modes do not suffer from intra-modal dispersion caused by walk-off between constituting eigenmodes [18] .
The notation we use for OAM modes is similar to the notation used for LP modes. OAM modes with topological charge are made from HE +1,m or EH −1,m eigenmodes, just like LP ,m modes are made of HE +1,m and EH −1,m eigenmodes:
Topological charge . However, since the propagation constants in EH and HE modes are different, LP modes suffer from intra-modal dispersion caused by mode walk-off. As shown on Fig. 2 , there are four OAM modes for a given topological charge, forming a family of modes. The exception is the OAM ±1,m family, made from HE 2,m vector modes, that contains only two modes, whose circular polarization is aligned with the orbital angular momentum. In theory, it would be possible to have OAM modes with TE and TM eigenmodes
but those modes are unstable due to the difference in the propagation constants of TE and TM modes [19] . The fundamental mode
is not really an OAM mode, since the topological charge is zero; it is equivalent to HE 1,m with circular polarization.
The design of OAM fibers
The design of OAM fibers is guided by many goals and constraints. The most important objective is to prevent HE +1,m and EH −1,m (or HE 2,m , TE 0,m , and TM 0,m ) modes coupling together into LP ,m modes. This is achieved by separating the effective indexes as much as possible, which in turn violates the weakly guiding condition. The usual rule of thumb to avoid LP formation is effective index separation around 1 × 10 −4 , suggested by criteria used for polarization maintaining fibers [17] . Since the weakly guiding condition is achieved with a low difference between the refractive index of the core and the refractive index of the cladding, it is rather a large refractive index difference that is needed to obtain modes with well separated effective indexes. Using that criteria, kilometer scale transmissions were performed [20, 21] .
There are physical limits to what can be achieved in terms of refractive index contrast. Typically optical fibers are made of silica SiO 2 , because this material is very transparent around the 1550 nm telecom wavelength, allowing optical fibers with very low loss. To obtain higher refractive indexes for the core, we usually dope the silica with germania (GeO 2 ). Because the structures of silica and of germania are very similar, a very high doping (around 20% molar concentration) can be achieved without breaking the glass crystalline structure. The refractive index of silica is around 1.444 (at 1550 nm wavelength), and the refractive index of silica doped with 20% of germania would be around 1.474. It is also possible to lower the refractive index of silica, for instance by doping it with fluorine. However, because fluorine has a different structure than silica, this doping is only possible within a few-percent molar concentration. In theory, other kind of glasses could have higher refractive indexes. However, those glasses are often much more lossy than silica, making them unusable for km-long optical fibers.
The number of modes guided by the fiber also influences the effective index separation, since all the effective indexes of the guided modes need to be packed somewhere between the refractive index of the cladding and the refractive index of the core. Consequently, the higher the number of guided modes, the closer the effective indexes of the modes. Therefore we must trade-off the desired number of guided modes with the required separation between those modes.
OAM modes, both in free-space and in fibers, have ring-shaped intensity due to the singularity at their center. The circular symmetry of optical fibers helps both for coupling of free-space OAM modes into fibers, and for fiber transmission. Furthermore, a fiber having a refractive index that is lower in its center than in the surrounding core will also favor the transmission of OAM modes.
Fiber dimensions are also important parameters. A larger radius fiber core will support a larger number of modes. In fiber modes, the radial index parameter m indicates the number of concentric rings in the electrical and magnetic fields. In a fiber with a narrow core, only modes of the first radial index (m = 1) will be guided. In a fiber with a larger core, modes with higher radial index can also be guided. Modes with the same radial order always have their effective indexes sorted in the same order:
A plot of the effective index of those modes as a function of the wavelength forms mostly parallel lines, as illustrated on Fig. 3 . However, the slopes of the effective indexes of modes having a different radial order are different, meaning that effective indexes of some modes at some given wavelengths intersect, resulting in modal coupling between those modes. Furthermore, techniques used to multiplex and demultiplex OAM modes make it difficult to separate modes of the same topological charge, but with different radial order. For this reason less attention is focused to date on higher radial orders (m > 1) for optical telecommunications. It is possible to design a fiber to support only the first radial order modes, using a narrow ring-core [22] . In that case, the fiber behaves like a planar waveguide that is rolled around the propagation axis.
Fiber dimensions determine both the optical power carried by the fiber and the number of guided modes. Too small a fiber core would make it difficult to couple the optical signal efficiently into the fiber. The number of guided modes will be determined by the refractive index and by the size of the fiber core. By knowing the cutoff frequencies as a function of the fiber geometry, it is possible to choose the fiber parameters to obtain the desired number of modes [22] .
Another effect to take into account when designing an OAM fiber is the spin-orbit coupling [23] . When the r and the φ components of the electrical or the magnetic fields are not perfectly symmetric, the resulting OAM mode has an elliptical polarization instead of a perfectly circular polarization, causing coupling between the different order OAM modes, and resulting in high trans-mission losses. This effect occurs in ring-core fibers, and becomes particularly important when the fiber has a hollow core, due to the high refractive index contrast between air and silica. To counter this effect, it is desirable to design the hollow center fiber with a thicker ring core. Higher order OAM modes also are less influenced by this effect [24] .
Review of OAM fibers
The first fiber designed especially for the transmission of OAM modes is the vortex fiber [25] . This fiber is characterized by a center core, for the transmission of the fundamental mode, surrounded by a ring core, for the transmission of the first OAM mode. The idea was to design a fiber that mimics the ring shape of the OAM modes, and with a large separation between TE 0,1 , TM 0,1 , and HE 2,1 modes, to prevent them coupling into LP 1,1 mode. Many experiments were performed using this fiber, combining OAM modes with wavelength multiplexing (WDM) and QPSK or 16-QAM transmission [20] .
The vortex fiber was a great proof of concept, showing that it is possible to transmit OAM modes over a km-scale fiber. However, a fiber supporting more than one OAM mode was needed to truly use OAM as a SDM scheme. In conventional fibers, the proximity of the effective indexes of the vector modes prevents the transmission of OAM modes. Since this separation increases with the refractive index contrast between the fiber core and its cladding, interest focused on design of a fiber with a hollow center to maximize this contrast [26] .
The air-core fiber is a ring-core multimode fiber, with a hollow center. A fiber was produced [27] supporting many vector modes, but only three families of modes ( = 7, 8, 9) were exploited for multiplexing. These mode families had the largest separation in their effective indexes for this fiber. Using the four degeneracies of each mode, the transmission of continuous-wave OAM modes was achieved. A second, thicker version of the fiber, using = 5, 6, 7 OAM families, was proposed a few years later [24] . An EDFA was also designed for this latest fiber [28] .
During the same time frame, we also designed an air-core fiber with a hollow center [29] . However, we used a different approach. Instead of designing a multimode fiber and choosing among the modes those with the largest separation, we designed a fiber with fewer supported vector modes, but where all those modes show a large effective index separation. We propagated 36 different OAM modes into that fiber ( = 0, 1, . . . , 8) , which is still, as far as we know, the largest number of OAM modes ever propagated via an optical fiber. However, this fiber has extremely high losses, most likely caused by spin-orbit coupling [23] .
To provide a ring-like fiber profile, but with a smoother transition in the center of the fiber, an inverse-parabolic graded-index fiber (IPGIF) profile was proposed [30] . This fiber supports eight OAM modes ( = 0, 1, 2). This fiber proved to be easier to couple with free-space OAM beams than other ringshaped OAM fibers. However, because of the abrupt transition in the refractive index between the core and the cladding, it would be difficult to design an IPGIF supporting more OAM modes. In the fabricated IPGIF, the OAM 2,1 modes were lossier than lower order modes, because they are close to the cutoff frequency.
All those fiber designs can be considered as variations of the ring-core fiber (RCF). It is interesting to realize that many theoretical papers about OAM fibers use a RCF design, but rarely was RCF actually fabricated. To better understand the transmission of OAM modes in optical fiber, using a simpler model, we designed a family of five RCFs of different sizes, but sharing the same refractive indexes, and the same inner/outer ring ratio [31] . This family comprised three fibers supporting OAM 0,1 and OAM 1,1 modes, and two larger fibers supporting OAM 0,1 , OAM 1,1 , and OAM 2,1 modes. To predict the number of supported modes in a given RCF, we developed the cutoff equations for RCF [22] . A 1.4 km transmission experiment, using all four channel simultaneously, was performed on one of those fibers [21] . This fiber has respectively 0.97 µm and 2.78 µm inner and outer radii, and supports the first OAM family. We transmitted data with left and right circular polarization, on the fundamental HE 1,1 mode, and on the OAM 1,1 mode. We generated the signal in free-space, and combined the four channels using beam-splitters, before injecting them all together into the fiber. At the output, we used a spatial light modulator to convert the OAM mode back to a Gaussian mode, and we used SMF to strip out higher order modes. Finally, we used DSP to separate the two polarizations, on both OAM and fundamental channels.
To the best of our knowledge, only the fibers we have discussed were specifically designed and fabricated for the transmission of OAM modes. Some other OAM experiments were performed over conventional multimode (or few-mode) fibers, but usually only over short distances, as OAM modes cannot be maintained and will instead couple into LP modes over those fibers.
There are also other OAM fiber designs that were proposed, supported by simulations, but without being actually fabricated. For instance, multi-ring fibers were designed for combining multi-core and OAM transmission [32, 33] . A graded-index fiber aims to greatly reduce crosstalk by having OAM modes with a near perfect circular polarization [34] . 
Challenges and future work
The design of OAM fibers is slowly evolving, as we gain better knowledge of the parameters that need to be optimized, and of the pitfalls that need to be avoided. Supporting a large number of OAM modes, transmitting them over a long distance, and recovering the initial signal, is still challenging. There is no unique solution, and OAM fibers will likely need to be designed for specific applications.
There are two situations where using SDM, including OAM, could offer a significant advantage over simply using a ribbon of fibers. They are illustrated on Fig. 4 . The first situation is short reach systems, where signal density needs to be very high. By exploiting photonic integrated circuits (PIC) for OAM generation, multiplexing, and demultiplexing OAM signals [35] , a single OAM fiber could replace a dozen SMFs and associated connectors, reducing both space and complexity of the system. This could be used inside a computer, using very short fiber (less than 1 m) but supporting many OAM modes; within a reconfigurable switch that connects many fiber ports; to link components in a supercomputer, using short fibers (less than 20 m); or to link switches of a metropolitan access network (MAN), using short to medium length fibers (less than 1 km). It that situation, the great advantage of OAM over other schemes of mode multiplexing, is avoiding MIMO processing.
The second application to medium to long reach systems would focus on cost savings. For instance, a single OAM fiber amplifier with a single pump could amplify all channels in an OAM fiber, whereas one fiber amplifier and one pump laser per fiber would be needed for a ribbon of SMFs. The costs are not saved because of the fiber itself, but because of devices that can perform operations on channels simultaneously, rather requiring a device per channel (SMF). Therefore, the future of OAM fibers is tightly linked to the development of devices able to work with those fibers: multiplexers and demultiplexers, amplifiers, and switching devices.
Conclusion
We briefly described the orbital angular momentum (OAM) of light, how it applies to optical communications, and how it is related to optical fibers. We described the required characteristics for a fiber designed to support OAM modes. Finally, we reviewed fibers demonstrated to support OAM modes. While past decades focused on single mode fibers (SMF), current interest in spatial division multiplexing drives research on multimode (and few modes) fibers. The newest entrant to the SDM discussion is OAM. Many fundamental questions on the scaling of OAM solutions remain, as well as challenges in integrated, cost effective devices to support SDM with OAM. Not the least of these is a requirement to improve OAM fibers.
